Abstract: In this study, a compact design of a highly efficient, and a high luminosity light-emitting diode (LED)-based visible light communications system is presented, which is capable of providing standard room illumination levels and also widecoverage Ethernet 10BASE-T optical wireless downlink communications over a distance of 2.3 m using commercial white light phosphor LEDs. The measured signal-to-noise ratio of the designed Ethernet system is >45 dB, thus allowing error-free communications with both on-off keying non-return zero and differential Manchester-coded modulation schemes at 10 Mbps. The uplink has been provided via a wireless infra-red link. A comparative study of a point-to-point wired local area network (LAN) and the optical wireless link confirms no discernible differences between them. The design of the transmitter is also shown to be scalable, with the frequency response for driving 25 LEDs being almost the same as driving a single LED. LED driving units are designed to match with the Ethernet sockets (RJ45) that conform to the existing LAN infrastructures (building and portable devices).
Introduction
Solid-state light-emitting diodes (LEDs) have been attracting attention as the next generation of general illumination sources, set to replace the existing fluorescent and incandescent lamps [1] . A major driving force behind this emerging technology is the LEDs improved power efficiency, luminance and lifespan, when compared to alternative light sources. Commercial companies such as Philips and SimplyLED® already have their first generation LED replacement lamps with standard fixings available in high-street stores. SimplyLED sell standard shape bulbs, 8 W and 500-600 Lumens, emitting light equivalent to a 60 W incandescent bulb and with a lifetime of 25 000 h.
White LEDs are manufactured in one of two ways: (i) an additive colour method where white light is produced by the appropriate mixture of light from red, green and blue (RGB) emitters, which is often counterintuitive for people accustomed to the more everyday subtractive colour system of pigments, dyes, inks and other substances that present colour to the eye by reflection rather than emission, and (ii) using a single blue-chip emitter coated in a yellowish phosphor (YP) layer. The RGB white light offers the desired spectral output, but is hardware-intensive requiring three LEDs. In addition, it tends to render pastel colours unnaturally, a fact that is largely responsible for the poor colour rendering index of the RGB white light. The YP LEDs are, as a result, the device of choice for design engineers for illumination as well as data communications.
An equally important property of LEDs is the fact that one may modulate the light output. The RGB LED chip bandwidth (BW) varies between 10 and 20 MHz in the absence of the slow response phosphor, whereas white YP LEDs have a BW of only 2-3 MHz [2] . However, if the slow temporal response of the phosphor is mitigated with a blue filter at the receiver, the BW can be increased by up to an order of magnitude [3] . This increase in the BW has to be paid for through the power budget and signal-to-noise ratio (SNR) (up to 36 dB [4] ) due to all but a small portion of the received light spectrum being filtered out.
Visible light communications (VLCs) offer the dual functionality of illumination and wireless data communications within rooms/offices. This idea has attracted a lot of interest from research groups around the world such as the European Omega project [5] , the cost action IC1101 [6] and the VLC Consortium [7] with participation from more than 25 countries. Since 2008, the IEEE has been working towards the standardisation of VLC with the 802.15 Task Group 7 [8] .
The majority of research has been focused on increasing the system data throughput on a point-to-point (p2p) link rather than incorporation with the existing network infrastructures. Using a simple resistor capacitor (RC) equaliser and a silicon P-N junction (PIN) receiver, data rates of 100 Mbps with on-off keying non-return zero (OOK-NRZ) have been experimentally reported in [9] over a short transmission distance of a few centimetres. VLCs employing a single high luminous four-chip LED, OOK-NRZ, a blue filter and an avalanche photodetector offering a data rate of 240 Mbps have been reported in [10] . Here, the data are superimposed onto the bias current via a Bias Tee (BT). With a high bias current of 500 mA, a 1000 Lux link was achieved; however, the maximum link span was ∼27 cm with a bit error rate (BER) of 2 × 10 −2 . The advantage of using an RC compensator over the blue filter in order to increase the BW is not only the cost (resistors and capacitors cost less than a narrow blue band-pass optical filter), but lower losses, thus enabling a longer transmission coverage span.
Higher spectrally efficient modulation schemes, such as the discrete multi-tone (DMT) and orthogonal frequency division multiplexing (OFDM), have also been experimentally utilised as an alternative to OOK-NRZ, with transmission speeds up to 512 Mbps [11] . Recently, offline experiments have demonstrated a 1 Gbps system with a BER of 1 × 10 −3 using adaptive power loading algorithms, and an optimised DMT modulated signal has been reported in [12] . Although these systems offer higher data rate, the link span is limited to <15 cm for point-to-point (p2p) line of sight (LOS) links. The data rates of 1.1 Gbps with the BER performance below the FEC limit of 1 × 10 −3 have been successfully achieved over a distance of 23 cm, employing carrier-less amplitude and phase modulation techniques with numerous equalisation methods [13] . However, for applications within typical rooms/offices, the useable data rates will be much lower limited to a few Mbps, depending on the geometry of the room, because of the multi-path dispersion induced inter-symbol interference due to walls and reflective surfaces [14, 15] .
As research in VLC technologies is fast growing, there is a growing need to adopt VLCs in applications such as home wireless broadband or integration with the existing networking infrastructure while offering a link quality as good as that provide the optical fibre backbone network. In [16] , a new design for the LED driver for VLCs has been introduced to increase the modulation BW of the LED from ∼28 to ∼52 MHz by effectively shorting the LED terminals during the 'off' state of the input signal (i.e. drawing out the remaining carriers that exist in the depletion capacitance), thus reducing the fall time of the output signal. However, the LED employed is a low power blue LED NSPB500AS (InGaN/GaN) not suitable for illumination of large areas. Another approach for driving LEDs has been outlined in [17] . Here, an array of LEDs is employed in on-off-switchable groups that are individually controlled with well-defined fixed optical intensity. The total optical intensity of the LED arrays (SFH 4502 infrared (IR) LEDs) can generate numerous discrete levels suitable for use in optical wireless communications (OWCs). However, the proposed system does not provide the illumination as well as data communications. The Fraunhofer Heinrich Hertz Institute in Germany have reported high-speed VLC links of up to 500 Mb/s over a distance of 4 m, and 120 Mb/s over 20 m [18] . In such systems, the optical beam has been collimated using focusing lenses, thus concentrating all of the energy into a small area footprint. These systems only offer data communications with no illumination. A plug and play data link VLC system has been introduced by Axiomtek, allowing data transmission rates of 10 Mb/s at a range of up to 20 m using a red power LED [19] . This system is unable to provide illumination. Accordingly, the design of a VLC system was undertaken to provide full room-level illumination using white LEDs as well as data communications. The system offers data communications using the 10BASE-T Ethernet protocol, being the fastest system reported for multi-path environment. To ensure that the proposed wireless system is suitable for a given indoor environment, we present a new transmission architecture that avoids the need for a blue filter at the receiver as specified in the previous works [9, 11, 12, 20] , and instead uses a simple RC compensator at a fraction of the cost. In combination with an optical receiver, a data link via LEDs is demonstrated for possible use by numerous users within a large coverage area. The proposed design offers scalable white LED arrays, high luminosity and a wide angle transmitter; optimised for OOK-NRZ and MC modulation with error-free transmission at 10 Mbps (10BASE-T Ethernet) over a link span of up to 2.3 m. The Ethernet has been chosen through the LAN architecture due to its adaptability to new technologies, high reliability, high-speed and low cost. In [21] , a narrow beam p2p VLC LAN link using a single white phosphor LED and a blue filter at the receiver is reported. The link utilised the traditional BT configuration making it difficult to scale the number of LEDs due to the complexity and increased size of the circuitry. An example of the increased complexity for driving more than one LED can be found in [16] , whereby each LED in the transmitting array has its own BT, buffer and DC current source. In this paper, we show that in an optimised system only a single buffer, a current source and a driving circuit are needed for multiple LEDs. A link between the LAN interface (i.e. RJ45 port) and the optical system is developed to ensure efficient functioning of the electrical-optical interface.
We also analyse the illumination footprint formed by the transmitter along the receiver plane (RP) to test the link brightness capabilities. We experimentally demonstrate the feasibility, simplicity and scalability of the transmitter design to perform error-free data communication together with illumination, and its ability to perform pointto-multipoint non-directed LOS wide-area LAN communications links.
The rest of the paper is organised as follows: Section 2 outlines the system description and setup; Section 3 covers all subsystems adopted for the proposed VLCs in a wireless LAN network; Section 4 explains the experimental setup and evaluation of the networking performance of the proposed system; Section 5 outlines results and discussions, and finally, Section 6 shows all the drawn conclusions.
System description
The objective of the VLC system under test is to provide full room illumination in compliance with ISO standards, while also providing Ethernet 10BASE-T connectivity between two PCs throughout the test area, with the link quality as good as a short-range CAT5 cabling system. The standard Ethernet protocol requires the use of a differential Manchester coded (MC)-OOK modulation scheme using 100 Ω copper lines. In order to achieve the target of 10 Mbps bit rate, a minimum system BW of 10 MHz, twice that of OOK-NRZ, is required due to the halved pulse width [22] .
The system block diagram shown in Fig. 1 consists of a duplex LAN configuration with a VLC down link and an IR uplink. The Ethernet signal from PC1 is fed directly via an Ethernet cable to a buffer circuit to divide the signal into www.ietdl.org five identical streams, one per transmitter. Passive RC equalisation is also employed to improve the frequency response of the system before applying the signals to each of the five LED driver units. The optical receiver consists of a concentration lens, PIN photodetector (PD), transimpedance amplifier (TIA), limiting amplifier (LA) and a differential amplifier (DA). Packet acknowledgement signals required by the PC1 as a handshake are fed back from PC2 via an IR uplink. As with the data transmission, at the receiver the IR signal is converted back into an electrical signal, amplified and fed to PC1. The distance between transmitters and receivers was chosen to be ∼ 2 m to represent average distances between the ceiling and desk in a typical home/office environment. A full list of system parameters is given in Table 1 .
To test the system for both the direct LOS and diffuse links, a scalable model room environment was built in the laboratory with each of the walls and ceiling made from plasterboard painted matt white (Fig. 2) . On the ceiling we have placed five optical transmitter units, each with four high power LEDs.
Subsystem design
This section covers the VLC LAN design and specifications for each of the subsystems used in the system described in Fig. 1 and all the major components listed in Table 2 . The system is designed to meet the following criteria: (i) providing standard illumination with a wide coverage area; (ii) compatibility with LAN connectors (NIC and RJ45 ports); (iii) providing a sufficient bandwidth for wireless LANs; and (iv) offering performance as good as copper-based LANs.
Design of 1:5 data buffer and passive equalisation
The input impedance of each of the five 4-LED transmitter units is 15 Ω, and the output impedance Z o-pc of a PC Ethernet card is 100 Ω, as is the impedance of the twisted pair Ethernet cables. Therefore, a buffer stage based on a simple emitter follower (voltage gain of 0.95 and a bandwidth in excess of 100 MHz) (see Fig. 3 ) is used for matching the combined transmitter input impedance to the Ethernet impedance. A passive RC pre-emphasis is used to achieve an overall system BW of 10 MHz using white phosphor LEDs with no blue filtering. A single-stage compensation module is provided at the input to the buffer with a further two stages at its output with the frequency response shown in Fig. 3 (inset).
Design of white LED optical transmitters
The prime requirement for each of the transmitter units is to modulate the light output of LEDs with a minimum BW of 10 MHz, thus providing a sufficient capacity for the 10BASE-T Ethernet standard. In addition, the LEDs intensities must be adequate to illuminate a working area according to the ISO standards, and the energy efficiency must not be overly impaired, when compared to un-modulated LED-based lighting systems. An LED will require a constant current to operate in a stable mode. If a constant voltage source is used, the LED current will vary with the device temperature, thus carrying the risk of thermal runaway. Accordingly, previously described schemes for modulating LEDs for use in VLCs have tended to rely on the BT module, under which a constant DC bias current with the superimposed data signal is applied to the LED [23] . LEDs used for illumination are generally designed to optimise their illumination efficiency. The resulting structure has a considerable series inductance and parallel capacitance [20, 24] , where the reactance will limit the speed at which the current flowing through the LED can be switched, thus limiting the modulation bandwidth. When modulated from an AC voltage source, the LED stray reactance form a second-order low-pass filter (LPF). However, when an AC current source is used for modulation, the LPF is first order since the reactance of the LED series self-inductance is small in comparison to the source impedance. An evaluation between the two modes, obtained from simulation, has shown that the response of a voltage source with low Z o falls at low frequencies due to the reactance of the series capacitor used for the DC isolation. The schematic for a BT configuration is given in Fig. 4a , with the frequency response for a modulation source with high and low output impedances (Fig. 4b) .
The transfer function of a first-order LPF is easier to compensate for than that of a higher order LPF. Hence a passive equaliser is designed to compensate for the first-order LPF response with high Z o , which is far more straightforward than using a BT with a low Z o .
The output of a current mirror (CM) will form a stable current source, if the mirror input current is fixed. It is also possible to obtain current magnification with CM by using a suitable ratio of emitter resistor values, and such a mirror may have multiple outputs. A CM with a single output and 1 MHz BW used for driving an LED for VLCs was described in [25] . The LED used there is low power; therefore unsuitable for room illumination.
In the system described below, less costly RF power transistors are used to ensure improved performance at higher frequencies. Four output transistors of the CM are www.ietdl.org used with low values of emitter resistor to minimise power losses while also preserving the linearity. The resulting transmitter, see Fig. 5 , was simulated using OrCad. As there is no small signal model for LEDs, the LED electrical parameters were modelled using data for a Luxeon Star outlined in [26] . The model (in Fig. 4a ) consists of a diode with a series inductance (33 nH), series resistance (0.9 Ω) and parallel capacitance (29 nF). This last parameter was measured since it was not specified in [25] . The simulated frequency response of the transmitter showed a BW of 6 MHz; however, this simulation does not take into account the limitations imposed by the yellowish phosphor, which ultimately restricts the optical BW. For CM, if the emitter areas of transistors Q1 and Q3-Q6 are such that the current density in each transistor is equal, the transistor collector currents will then be inversely proportional to the emitter resistance. Here, the transistors are not scaled for equal current density; however, the errors introduced by this are very small. The CM is designed to provide current amplification, such that the output current exceeds the input reference current by the ratio of the emitter resistor of Q1 to those of Q3-Q6 (24:1). Z o for CM, that is, the impedance at the collectors of Q3-Q6, must be high to achieve the benefits of current source operation. The output conductance g C , is related to the collector current I c , current gain β, early voltage V A , thermal voltage V T , transistor emitter resistance Z E and the dynamic resistance seen at the base of an output transistor Z B as follows [27] 
In the designed circuit, I C = 350 mA, V A = 200, V T = 25 mV, Z E = 0.5 Ω and Z B ≃ 13.7 V. For a BLT50 device, β = 25, so g C = 0.98 mS, giving Z o of 1/g C = 1020 Ω. This impedance is shunted by the parasitic base-collector capacitor of 7.6 pF. The shunting effect does not become significant until the capacitive impedance becomes comparable to Z o , at about 20 MHz, well above the desired operating frequency.
We have shown that a CM with Z o > 500 Ω performs almost identically to a perfect current source in driving an LED at higher frequencies in simulation. This design renders the supply and modulation of a number of LEDs relatively straightforward and low cost. According to our simulations, it is possible to extend the VLC LAN transmitter design to have up to 25 outputs (25 LEDs), without significant performance degradation. The numbers of outputs correspond to square matrices of up to 5 × 5
LEDs. This development of the design will facilitate its use for illuminating large areas.
Very large-scale integration (VLSI) techniques can be employed to design an integrated circuit (IC) incorporating the design of the multiple output CM drivers. As all of the transistors would be fabricated on the chip, area multiplication of the devices could be employed to achieve current magnification, which would eliminate the need for external emitter resistors, thus resulting in energy savings. The outputs of the IC can then be connected directly to the driving LEDs.
Optical receivers
The optical receivers for both down and up links of the VLC LAN system are identical in design. They use a combination of a biconvex concentration lens to focus the beams onto a PIN PD. The photocurrent from PD is amplified and converted to a differential voltage via a TIA. The output of the TIA is coupled into inputs of a LA whereby the analogue signals are amplified and clipped into fast switching digital signals of 800 mV (peak-to-peak). The output of the LA is then passed through a differential amplifier to boost the signal to the required level of LAN interface ( ±2.5 V), before being connected to the appropriate PC via the LAN RJ45 I/O port with a short length of 100 Ω twisted pair cable.
IR LED uplink transmitter
The optical uplink was provided via an IR LED transmitter. The timing signal from the LAN I/O of PC2 modulates a 5 mm IR LED, via a 622 Mbps LAN/wireless area network (WAN) driver, thus not restricting the overall system performance. The beam is collimated using a biconvex lens. As the IR uplink uses standard components, its design will not be discussed further, but details can be found in [28] . The performance criteria of the IR uplink are given in Table 1 .
Experimental evaluation of the proposed VLC link
This section provides details on the experimental evaluation of the VLC LAN system. A rigorous evaluation was conducted using a number of independent experiments. As the system is intended for room illumination purposes as well as an optical wireless communications platform, we initially mapped out the illuminance levels at the RP with a light meter. In order to adequately test the VLC LAN link, we first analysed the quality factor Q of the received signals with a pseudo random bit stream (PRBS) of a binary data of length 2 10 -1 (similar to an average packet length of Ethernet) using OOK-NRZ at 12.5 Mbps data rate, allowing for the 4B5B line coding used for 10BASE-T.
The optical VLC LAN performance was assessed using the experimental setup shown in Fig. 2 . In each experiment, the source (PC1) generated packets according to a specified rate using the user datagram protocol (UDP). The UDP packet size was selected as a typical size, 1460 bytes. From the source PC packets were injected into the system at the selected rate, and were delivered to the sink PC via the VLC link. At the sink, the data throughput was measured in bit/s, and the interpacket delay was recorded. Each experiment was run for a period of 80 s, long enough to observe a stable output at the receiver. The network interface cards of both the source and the sink were set to operate at the rate of 10 Mbps full duplex mode. In order to draw a fair comparison, all experiments were repeated under identical conditions for the p2p Ethernet using copper LAN crossover cables.
Results and discussion

Illumination levels and lighting efficiency
The illumination levels measured along the RP (Fig. 6) show a mean illuminance value of 387 Lux, which exceeds the minimum ISO standards for office illumination of 300 Lux [29] . The light levels only fall below the minimum ISO level in the front two corners of the test area where there is an absence of a front reflective wall. Note that in a typical office environment, normally multiple LEDs are used for lighting; therefore the proposed VLC LAN system will fit the purpose.
The lighting efficiency with respect to the input electrical power was also measured for the individual LED transmitter units. The DC input power was calculated using
where I and V are the total current and voltage across each unit, respectively. For the optical power P opt a thermopile was used to measure the output of each individual LED. Therefore the lighting efficiency in % can be calculated using
where N is the number of LEDs. Each transmitter is powered from a 5 V supply drawing ∼1.4 A, thus consuming 7 W of power. The measured P opt from each LED was ∼175 mW, thus giving a total optical output power of 700 mW. The lighting efficiency for each of the transmitter units was calculated to be 10% using (3). The output of each LED were measured in lumen (lm), where 1lx = 1 lm/m 2 , was 130 lm. From the cool white Luxeon rebel LED data sheet, the efficiency η = l m/W = 135(at 350 mA), therefore the electrical power consumed by each LED is
where Φ lm is the measured luminous flux in lm. Thus, from (4) the electrical power consumed by an LED was calculated to be approximately 0.96 W. Using (3), we calculated that the efficiency of each individual LED was ∼18.2%. When LED modules are modulated with baseband signals such as OOK, and the probability of transmitting a '1' and '0' are equal, then the mean modulating current is zero. Hence, no extra power is used for the modulating and non-modulating output and the mean light output remains unaltered.
Communication system performance
The SNR of the VLC downlink measured directly beneath the transmitters at the RP is shown in Fig. 7 with >45 dB across the pass band and a 3-dB BW of 10. 
where v H and v L are the mean received voltages, and σ H and σ L are the standard deviations for the 'high' and 'low'-level signals, respectively. A statistical estimation of the BER can be extracted from the Q-factor through
where erfc(·) is the complementary error function. The measured eye diagrams in Fig. 8 demonstrate that an error-free (BER > 1 × 10 −9 ) communication is possible throughout the entire RP with the OOK-NRZ data format. The rise and fall times of the impulse response were also measured using a 100 ns input pulse. The measured rise t r and fall t f times were 42 and 52 ns, thus the BW is ∼10 MHz. At the transmitter, the optical modulation index 
The measured DC signal is relatively high in comparison to the AC signal because of the three stages of passive equalisation required to extend the modulation BW. For a square wave at 1 MHz, the OMI is ∼23%, meaning that almost a quarter of the light output power is also used for communications.
Uplink/downlink crosstalk analysis
For the system with both optical up and downlinks, there will be the possibility of crosstalk (XT) between them, since the PIN PD will respond to both visible and IR wavelengths. This is a challenge for wireless systems compared to the wired LAN. In order to carry out the XT test, 1 and 2 MHz sine-wave signals were transmitted over the VLC downlink and the IR uplink, respectively, and the received power at the RP was measured using a spectrum analyser. The ratio of reflected IR to VLC power was measured at its maximum and minimum positions along the RP, thus yielding worst-and best-case scenarios for the XT as outlined in Table 3 . Case 1 demonstrates that the receiver is positioned directly beneath the VLC transmitters aligned to maximise the ratio of visible light (VL) output to IR. Case 2 was chosen to represent the worst case being directly next to the IR transmitter so as to receive the maximum reflected IR power, and Case 3 has the receiver located as per Case 2 but aligned directly with the VL transmitter to maximise the VL power. The uplink/downlink XTs can be seen to be insignificant under the normal operating conditions. Case 2 is the extreme case whereby the maximum XT occurs. In such cases optical filters would be beneficial to improve the system performance.
VLC LAN system performance
This section describes the performance comparison of the proposed VLC system integrated with 10 Mbps Ethernet LAN. The system throughput and the delay are used as the performance metrics. The results are collected by running a number of experiments using IP Traffic Test and Measure [30] , where the network load is gradually increased from 100 to 800 Pktsps. The parameters used in the experimental evaluations are listed in Table 4 .
Figs. 9a and b demonstrate the results collected for the Ethernet throughput for the wired LAN crossover cable and VLC system, respectively. The network loads (number of packets injected into the system from PC1) were gradually increased from 100 to 800 Pktsps and the corresponding throughput was noted by PC2. It has been clearly observed that the VLC system is able to support all loads without incurring any losses (Fig. 9b) . For example, a network load of 800 Pktsps corresponds to 9344 Kbps, which is the recorded throughput demonstrated in Fig. 8 . Similarly all the other tests demonstrate a stable behaviour for the system throughput, as observed for all other cases. The experimental result in Fig. 9a represents a p2p Ethernet link There is no discernible difference between the wired Ethernet and VLC links. Exactly the same value of throughput was measured for the wired Ethernet and VLC links for all rates of traffic load.
Figs. 9c and d report the results collected from a number of experiments measuring the inter packet delay of the wired Ethernet and VLC system, respectively. Once again both techniques exhibit an identical performance level. For example, at 100 Pktsps, the source will generate one packet every 10 ms. In both VLC and wired Ethernet connections, we observed that the experimental value of this statistic to be 9.89 ms. No losses, erratic behaviour or any significant variation was observed. The minor difference of 0.11 ms between the theoretical and observed value can be attributed to minor imperfections in the CPU clock.
Video streaming and Ethernet demonstration
We have also successfully demonstrated video streaming from PC1 (ceiling VLC LAN transmitter) to PC2 (user). The video is sent using the UDP protocol setup. In TCP/IP mode, we tether Internet from PC1 through the proposed VLC LAN system to PC2. High-definition Youtube videos, web browsing and large file downloading were successfully demonstrated. In both cases (UDP and TCP/IP setups), the links performed well (i.e. BER < 1 × 10 −9 ) at 2-3 m range with the VLC LAN coverage for the full room (as the link is LOS).
Conclusions
In this paper, a compact design of an efficient and high luminosity white phosphor LED-based VLC system has been presented. The system has been shown to be capable of providing standard room illumination levels while also offering a wide area data link over a distance of 2.3 m. The proposed VLC LAN system has been characterised and the experimental demonstration has shown the ability to illuminate an area in accordance with ISO standards while simultaneously transmitting 10BASE-T Ethernet data with a BER < 1 × 10 −9 or any extraneous packet delay. Different protocols were experimentally tested via the proposed link. Owing to the size and low complexity of the transmitting units, we have shown that the system is easily scalable to provide a higher number of LED outputs at relatively low cost. The link has also shown to have an inherently large-scale foot print, larger than that of the test area used, capable of performing point to multiple point communications with numerous end users. The design also lends itself to VLSI and can therefore be miniaturised for future applications.
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